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Abstract 
Understanding the reproductive biology of invasive species is an important step in 
managing populations. Yet, little is known about the reproductive strategies of invasive 
round goby (Neogobius melanostomus) in Lake Michigan. For round goby, fertilization 
occurs externally in nests guarded by large “paternal” males. However, some males 
pursue alternative reproductive tactics (ARTs), where males sneak into a larger male’s 
nest and fertilize a portion of the eggs, these males are called “sneakers”. We investigated 
if the proportion of ARTs varies between sites and how that affects population dynamics 
of round goby. We caught 264 fish from 4 lakes along Eastern Lake Michigan. We 
measured their color, morphology, and gonad traits to determine each male’s 
reproductive type. Our results suggest ARTs represent at least 20% of reproductive 
round goby males. As predicted, sneaker males had larger testes relative to their body 
mass, and paternal males had larger accessory glands relative to body mass. The next 
step in this work is to model how the presence of ARTs within these populations may be 
impacting population growth estimates of this invasive species around Lake Michigan. 
Introduction 
 Alternative reproductive tactics, called ARTs, are seen in at least 32 different families of 
fish, and have independently evolved at least 26-43 times (Mank and Avise, 2006). In many fish 
species with ARTs, males pursue two different tactics. Some males employ a paternal tactic and 
invest in growth during early development. During the spawning season these males  building a 
nest, have a female lay eggs in that nest, fertilizing those eggs, then guarding the nest until the 
eggs hatch (Meunier et al., 2009). Sneaker males, the alternative tactic, seek to cheat this system 
by investing energy in teste growth instead of somatic growth. These smaller sneakers will then 
swim in while the paternal males are fertilizing eggs, and release sperm, effectively stealing 
fertilizations from the paternal male. This process can then be repeated across several nests. 
Sneakers improve their fitness by not putting all their eggs in one nest, reaching reproductive 
maturity at a younger age, and not having to pay the high cost of paternal care (Oliveira et al. 
2008). 
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 Round goby, Neogobius melanostomus, are invasive to the Great Lakes. They were first 
detected in 1990 in the St Clair River, and have since spread to the entire basin (Charlebois et al. 
1997, Marentette et al. 2009, Kornis et al. 2012). They were probably originally introduced by 
the ballast water of an ocean going boat (Charlebois et al., 1997). The presence of round goby in 
the Great Lakes has negative impacts on native communities. For example, they often compete 
for food with smaller native fish, such as sculpin, Cottus sp., and madtom Noturus sp. 
(Charlebois et al. 2001, Janssen and Jude, 2001 and Kornis et al., 2012). In addition, they also 
may cause bioaccumulation of toxins that can kill the seabirds that prey on them (Essian et al. 
2016). 
  Round goby spawn in rocky habitat with lots of crevasses (Charlebois et al. 1997). A male 
will guard a nest until a female wants to mate. She then swims in, flips upside down, and 
deposits her eggs on the ceiling of the nest (Meunier et al., 2009). During this time, the male will 
also invert to spread his gametes on the eggs (Meunier et al., 2009). In other organisms with 
ARTs, this is also when the sneaker males will swim in and release their gametes (Oliveira et al., 
2008). However this has not been observed directly in round goby. Round gobies begin 
spawning in April and may continue to spawn into November (Charlebois et al., 1997 and Kornis 
et al., 2012). While ARTs have been reported in Lake Michigan round goby before, the only 
reference to them does not report how they differentiated sneaker males from paternal males 
(Brussee 2014). Evidence for ARTs have also been reported in Lake Huron populations 
(Marentette et al., 2009). 
 In this study, we recorded the presence and proportion of alternative reproductive tactics 
in round goby along the eastern side of Lake Michigan. In order to identify the presence of ARTs 
within Lake Michigan and how their proportion may vary across populations, we sampled round 
goby over three months from four pier heads along Lake Michigan, in Holland, Muskegon, 
Ludington, and Pentwater. We then dissected the fish to determine their gonadal somatic index 
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(GSI), teste somatic index (TSI), and accessory gland somatic index (AGSI). These measures 
were then compared between light and dark males, since previous work has indicated that 
sneaker males and paternal males differ in color during the breeding season (Marentette et al., 
2009). Previous studies have reported that sneaker males have higher GSI than paternal males 
(Marentette et al. 2009 and Zeyl et al. 2014). We expect that if ARTs do exist in our study 
populations, we will see higher GSI and TSI in light colored males than in dark males. 
Methods 
Field sampling 
 We collected fish from four sites along the Eastern side of Lake Michigan: Lake 
Macatawa near Holland, Muskegon Lake in Muskegon, Pentwater Lake in Pentwater, and Pere 
Marquette Lake in Ludington. At each lake we set minnow traps along a channel or off a pier 
going into Lake Michigan. Traps were placed in rocky areas where goby spawn (Charlebois et al. 
1997). Where possible, traps were kept 10 meters apart, however the availability of rocky habitat 
did not make this possible at some sites (Vélez-Espino et al. 2010). Gear bias is well studied in 
round goby; Diana et al. (2006) found that minnow traps were bias towards smaller goby. In 
order to minimize this bias, we widened the openings of half of our traps to accommodate larger 
fish.  
We sampled each site five times over the course of the summer, deploying eight traps 
each time.  The traps were baited with segments of frozen corn on the cob and left overnight. 
Half of our minnow traps had openings approximately one inch in diameter, the other half had 
openings approximately 1.5-2 inches in diameter. This was done because minnow traps are 
known to be bias against larger fish (Johnson et al., 2005). We deployed traps in rocky areas at 
depths of 0.5-5 meters, depending on habitat availability at each site. For each fish, a fin clip was 
taken and stored in ethanol in the field, and its color was recorded before euthanizing it in 
MS222. Fish were then frozen for later dissection. 
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Lab Dissections 
 In the lab, we measured total mass, total length, standard length, head width, body 
width, and papilla length. We also recorded the color of each fish again in the lab, because many 
changed color after being euthanized. We then dissected the body cavity to obtain the liver and 
gonad mass. For reproductive males, we took the mass of accessory glands separately from the 
testes. Lastly, we extracted sagittal otoliths for age analysis that will be performed at a later date. 
Categorizing male reproductive tactics 
In order to only focus our attention on reproductive males, we first separated males into 
reproductive and nonreproductive categories. All males with a GSI below 1% were considered 
nonreproductive (Zeyl et al. 2014). We then split reproductive males into light and dark groups 
by color taken in the lab. We used the color from the lab because there were fewer fish of 
moderate coloration. Differentiating color was done because previous studies have shown 
sneaker males are lighter in color, while mature paternal males are typically darker (Marentette 
et al., 2009). Furthermore, without direct observations of mating behavior we cannot 
definitively determine what is a sneaker or a paternal male. Females with a GSI of 8% or higher 
were considered reproductive, and all others were nonreproductive (Zeyl et al. 2014). Any fish 
with papilla and gonads that were too small to identify were considered juveniles. For all males 
that were characterized as reproductive, we calculated GSI, TSI, and AGSI using the following 
equations: 
𝐺𝑆𝐼 =
𝑡𝑜𝑡𝑎𝑙 𝑔𝑜𝑛𝑎𝑑 𝑚𝑎𝑠𝑠
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
× 100 
𝑇𝑆𝐼 =
𝑡𝑜𝑡𝑎𝑙 𝑔𝑜𝑛𝑎𝑑 𝑚𝑎𝑠𝑠 − 𝑎𝑐𝑐𝑒𝑠𝑠𝑜𝑟𝑦 𝑔𝑙𝑎𝑛𝑑𝑠 𝑚𝑎𝑠𝑠
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
× 100 
𝐴𝐺𝑆𝐼 =
𝑎𝑐𝑐𝑒𝑠𝑠𝑜𝑟𝑦 𝑔𝑙𝑎𝑛𝑑 𝑚𝑎𝑠𝑠
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
× 100 
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Statistical analysis 
 We performed all our statistical analysis in R (version 3.6.1, R Core Team, 2019). We 
compared the means of GSI, TSI, and AGSI between light and dark reproductive males using a 
student's t-test. We also compared the standard length of fish caught by each size of trap 
opening using a student's t-test. 
Results 
Field Sampling 
 We caught a total of 264 round goby, 26 from Holland, 50 from Muskegon, 155 from 
Pentwater, and 33 from Ludington (table 1). There was no statistically significant difference in 
the standard length of fish caught in traps with large or small openings. Round goby from traps 
with large openings had a mean standard length of 76.9 mm, while goby from traps with smaller 
openings had a mean standard length of 74.1 mm, p=0.2459 df=200.64.  However, we did see 
that the larger traps were able to catch larger fish, indicating that widening the mouth of 
minnow traps can help to alleviate the size bias usually seen in minnow traps when catching 
Round Goby. The largest goby caught in a trap with a small opening had a standard length of 
114.6 mm, while the traps with larger openings caught 9 round goby larger than that, up to 159.3 
mm. 
Proportion of reproductive tactics       
 Across all populations we caught 52 paternal males, 15 sneaker males, 39 
nonreproductive males, 41 reproductive females, 98 nonreproductive females and 19 juveniles. 
We found that the proportion of sneaker males to paternal males does appear to vary between 
sites. However, we did not catch enough from each site for those differences to be statistically 
significant. Holland had 2 paternal males and 2 sneakers, Muskegon had 4 paternal males and 3 
6 
sneakers, Pentwater had 37 paternal males and 8 sneakers, and Ludington had 9 paternal males 
and 2 sneakers (table 1). 
Gonadal morphology 
 We found that GSI was higher in light colored males than dark colored males. When split 
into TSI and AGSI, we found the greatest difference between them to be TSI, while AGSI 
accounted for less of the difference in GSI. Light males had a mean GSI of 7.02%, a mean TSI of 
6.31%, and a mean AGSI of 0.71%. Meanwhile, dark males had a mean GSI of 3.21%, a mean TSI 
of 2.27%, and a mean AGSI of 0.96% (table 2, figure 1). 
Discussion & Conclusion 
Overall, we found that round goby alternative reproductive tactics do occur in Lake 
Michigan. Between light and dark reproductive males, we did see differences in gonad 
morphology. Light males had higher mean GSI and TSI, while dark males had higher AGSI. This 
shows that light colored males invest more in their gonads, which is typical of a sneaker tactic 
(Oliveira et al. 2008). Teste size is driven partially by risk of sperm competition, and sneaker 
males encounter sperm competition at every copulation. Therefore sneaker males must invest 
more heavily in testes to be competitive (Oliveira et al. 2008). We expected that paternal males 
would have a larger mean AGSI than sneaker males, as has been seen in other studies, and we 
did see this (Marentette et al. 2009). The reasons why paternal males would need to invest more 
in accessory glands are largely unknown, however one study in marine plainfin midshipman 
Porichthys notatus found that it was advantageous to paternal males to have sperm that 
survives for longer (Miller et al., 2019). They expect this is because paternal males have lounger 
bouts of continuous breeding lasting up to several hours, whereas sneakers have short bursts of 
breeding (Miller et al., 2019). The differences in GSI and TSI between light and dark males 
support the conclusion that populations of round goby in Eastern Lake Michigan do have 
alternative reproductive tactics. 
7 
Future Directions 
 It is important for managers to understand how invasive species reproduce. Because 
sneaker males are smaller, they can often be mistaken for juvenile, nonreproductive fish 
(Lowerre‐ Barbieri et al. 2011). Doing so would cause managers to underestimate the number of 
reproductive males in a population, whereas including the reproductively active sneaker males 
could allow them to better predict population growth. Looking forward, we also hope to increase 
or sample sizes in order to examine if there are any differences in the proportion of sneaker 
males to paternal males between sites. We would expect that the proportion of each tactic in a 
given environment is related to how successful the tactic is in that environment. Therefore, we 
should see different proportions at different sites based on environmental characteristics. 
 
Table 1: Numbers of round goby caught at 4 different sites along eastern Lake Michigan and 
their reproductive status 
 
 
 
 
    Reproductive Status 
 
Male Reproductive Tactic 
Site 
Total 
Catch 
Reproductive 
Males 
Nonreproductive 
Males 
Reproductive 
females 
Nonreproductive 
females Juveniles 
Sneaker 
Males 
Paternal 
Males 
Holland 26 4 8 3 8 3 2 2 
Ludington 33 11 12 1 8 1 2 9 
Muskegon 50 7 6 2 21 14 3 4 
Pentwater 155 45 13 35 61 1 8 37 
Total 264 67 39 41 98 19 15 52 
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Table 2: TSI, GSI, and AGSI of sneaker and paternal round goby caught at 4 different sites along 
eastern Lake Michigan. 
  
 
 
 
Figure 1: Differences in GSI, TSI, and AGSI between sneaker and paternal males in Lake 
Michigan round goby. Sneaker and paternal males were differentiated as having light or dark 
coloration. n = sample size, df = degrees of freedom 
 
 
 
 
  Sneaker Males Paternal Males t test   
  mean std deviation mean std deviation p value df 
GSI 7.01 3.02 3.21 1.95 <0.001 17.463 
TSI 6.31 3.03 2.27 2.01 <0.001 17.758 
AGSI 0.71 0.21 0.96 0.43 0.003 47.528 
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